Watershed Sub-Basin Scale Forest Fire Impacts on Soil Chemistry : A Case Study in Delaware State Forest, Pennsylvania, USA by Darley, Jason Scott
Montclair State University
Montclair State University Digital Commons
Theses, Dissertations and Culminating Projects
8-2017
Watershed Sub-Basin Scale Forest Fire Impacts on
Soil Chemistry : A Case Study in Delaware State
Forest, Pennsylvania, USA
Jason Scott Darley
Montclair State University
Follow this and additional works at: https://digitalcommons.montclair.edu/etd
Part of the Environmental Sciences Commons
This Thesis is brought to you for free and open access by Montclair State University Digital Commons. It has been accepted for inclusion in Theses,
Dissertations and Culminating Projects by an authorized administrator of Montclair State University Digital Commons. For more information, please
contact digitalcommons@montclair.edu.
Recommended Citation
Darley, Jason Scott, "Watershed Sub-Basin Scale Forest Fire Impacts on Soil Chemistry : A Case Study in Delaware State Forest,
Pennsylvania, USA" (2017). Theses, Dissertations and Culminating Projects. 10.
https://digitalcommons.montclair.edu/etd/10
ABSTRACT 
Forest fires can affect soil chemistry and soil properties depending on the fire intensity 
and type of biomass burned, changing the local environment. For this study, soil and ash 
samples were examined post-fire from the 16-Mile fire event in the Delaware State 
Forest, Pennsylvania, to understand the pedosphere chemistry within the watershed sub-
basin. The main goal of this project was to study the major and trace elements of ash and 
soil samples of the 16-Mile Fire in the burned area and compare to samples upstream and 
downstream of the watershed sub-basin.  Inductively coupled plasma mass spectroscopy 
was conducted for major and trace elemental analysis of the samples to determine if a fire 
signature is present. Calcium, manganese, copper and barium were found at higher 
concentrations within the fire extent compared to up and downstream of the fire. Copper 
and barium concentrations show to be fire signatures that are unique to the 16-Mile fire 
event. Comparing the 2-month sampling to the 8-10-month sampling indicates that the 
concentrations of copper and barium are remaining within the soil horizons, where in 
some sites concentrations are moving vertically down through the soil horizons.  GIS and 
RUSLE were used to further model conditions of the fire extent to determine if erosion 
and runoff would mobilize fire signatures throughout the sub-basin. Results indicate that 
due to the shallow slopes within the fire extent, along with factors of soil structure, 
rainfall, slope, and land cover management, erosion is not likely and fire signatures will 
reside down the soil horizon. Further research is needed to further investigate how long 
the fire signatures will reside in the soil horizons within this area. 
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 1 
1. INTRODUCTION 
 
Wildfires can produce both positive and negative impacts on forest ecosystems. 
Despite being similarly categorized, these ecosystems vary from location to location and 
their responses to wildfires will vary depending on the type of vegetation, soil, 
surrounding environment, and severity of the fire (Neary et al., 2005). Collectively, 
ecosystems are part of the Earth’s critical zone, which according to Brantley et al. (2006), 
is the area of the Earth’s surface containing vegetation, extending down to bedrock, 
including groundwater, which are essential to supporting life. These complex systems 
(biosphere, geosphere, and hydrosphere) are all interconnected by soil. Soil controls the 
availability of nutrients used by forest ecosystems (as well as human agriculture), while 
also acting as a natural filter for water that enters the groundwater system. Soil can take 
upwards of thousands of years to develop, while fire has the ability to change soil 
properties, both physically and chemically, over a much shorter time-frame (Figure 1.1) 
and often with adverse effects on future soil formation (Santín & Doerr, 2016). To better 
understand the effects of wildfires on soil geochemistry within a watershed it is necessary 
to investigate elemental signatures between burned and unburned soil, using signatures to 
trace temporal differences within the landscape. This study builds off previous research 
by Pope et al. (2012), where ash chemistry was assessed to determine if fire signatures 
exist within major elements of burned soil samples. 
 Flannigan et al. (2000) mentions, that since 1989 through 1998, an average of 
3,000,000 acres burned annually (acres vary year from year) from wildfires in the United 
States, with most occurring in the western part of the country. Effects of climate change 
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have caused an increase in high-intensity wildfires worldwide over the past few decades. 
This increase in wildfires due to changes in climate is the result of more frequent 
droughts brought on by warmer temperatures, resulting in longer dry seasons (Flannigan 
et al., 2000; Westerling et al., 2006). According to Santín & Doerr (2016) and Flannigan 
et al. (2000), global circulation models (GCM’s) indicate an overall increase in 
temperatures worldwide over the next century which can lead to the recurrence of 
wildfires.  
While the impacts of humans on the natural environment and changes in climate 
have increased wildfires, it is the fire ecology that determines fire damage.  The severity 
of wildfires is based on the intensity and duration of the fire, which is dependent on the 
fuel being burned and other environmental factors (Certini, 2005).  High-intensity 
wildfires can have adverse effects on soil and water quality, especially within the major 
and minor elemental chemistry. Severe wildfires cause contamination in soil and water 
within the vicinity of the fire due to the transfer of heavy metals and other contaminants 
from fuel and manmade materials burned (Bladon, Emelko, Silins, & Stone, 2014). 
Degradation of soil and water in post-wildfire settings is preserved in the environment for 
years to decades depending on the concentration of contaminates. Contaminated water 
from wildfires affects not only water used for human consumption but aquatic 
ecosystems as well (Bladon et al., 2014). 
1.1 Ash-Soil-Water Interaction 
 Ash resulting from wildfires is composed primarily of organic and inorganic 
residue including minerals and trace metals. Although most ash is derived from biomass, 
the upper organic material in soil layers can also be combusted during wildfires. The 
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major elements in wood ash are magnesium (Mg), calcium (Ca), potassium (K), 
phosphorous (P), sodium (Na) and sulfur (S), with minor elements of aluminum (Al), 
manganese (Mn), iron (Fe), silicon (Si) and zinc (Zn) (Bodí et al., 2014; Demeyer et al., 
2001; Etiégni & Campbell, 1991; Marion et al., 1991).  Etiégni and Campbell (1991) 
showed the concentrations of major and trace elements of wood ash at various 
temperatures (Figure 1.2), which indicate what elements could possibly leach out from 
ash into the surrounding environment. Campos et al., (2016) and Demeyer et al., (2001) 
mention trace elements arsenic (As), lead (Pb), nickel (Ni), chromium (Cr), cadmium 
(Cd), mercury (Hg), vanadium (V), and cobalt (Co) found in soil after a wildfire.  
Combustion completeness of fuels is dictated by the intensity and duration of the 
fire.  Bodí et al. (2014) suggests that fire temperatures below 450° C yields ash that is 
organic-rich while temperatures that reach 450° C and above will have almost all organic 
matter volatilized yielding a higher pH, increased oxidations and increased mineral 
content. Ashes where the combustion volatizes most organic matter are highly mobile 
and are rapidly transported from the vicinity of the fire, especially in windy conditions 
(Bodí et al., 2014). This allows ash to be transferred to soil and water not only in the burn 
zone but also unburned areas. The transfer of elements from ash to soil is a simple 
process considering ash is insoluble, especially in instances where fire temperatures reach 
> 500° C. Initially, the pH of soils can increase due to the transfer of alkaline elements 
and organic material from ash fall (Alauzis, Mazzarino, Raffaele, & Roselli, 2004; Badía 
& Martí, 2003; Blank & Zamudio, 1998; Bodí et al., 2014; Certini, 2005; Demeyer et al., 
2001), then over time will decrease as the major elements are leached and mobilized from 
the soil (Demeyer et al., 2001). The concentration of elements that is retained by soil 
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depends on soil texture, soil water retention and repellency, cation exchange capacity 
(CEC) of the individual elements (Demeyer et al., 2001; Marion et al., 1991) and the 
regrowth of vegetation, which can also absorb elements.  
Ash may also contribute to the change of physical properties within soil. In soils 
where the ash was not completely combusted (fire temperatures < 450° C), organic 
matter is still retained in the ash and can cause the soil color change to darker hues.  Ash 
that is high in organic matter will also support transfer of nutrients into the soil and 
vegetation (Demeyer et al., 2001). Ulery & Graham (1993) reported in their study that 
high intensity fires where ash was completely combusted, the soil had more of a reddish 
hue. Samples that were reddish in color had white ash at the surface, indicating 
temperatures > 500° C. According to Schwertmann & Fechter (1984), it is the extreme 
heat that oxidizes the mineral goethite to hematite and maghemite, both of which have 
reddish hues to them.  
Soil erosion and hydrology can be altered by the accumulation of ash on the 
surface of soil after wildfires. In a literature review conducted by Bodí et al., (2014), 
previous studies indicate contradicting findings where an increase in soil erosion is noted 
in some studies while others note the reduction of soil erosion. Much of this is dependent 
on the thickness of the ash layers deposited on top of the soil and other post-fire 
conditions. Two separate studies conducted by Onda et al. (2008) and Woods & Balfour 
(2010) found that the ash layer formed a crust at the surface due to the compaction from 
raindrops, which resulted in water runoff in the months after the fire. This crust leads to 
increased water runoff with ash and soil eventually eroding into water sources in the 
vicinity. Erosion will be higher if the accumulation of ash and altered soil is along 
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hillside slopes. Based on preliminary results of the sampled sites, this is not occurring at 
our study area. 
Ash can affect water quality by the addition of suspended sediments (containing 
concentrations of trace elements and metals) into streams, rivers, and other water bodies. 
Johansen et al. (2003) simulated rainfall to quantify 137Cs concentrations from ash 
deposits and runoff after the May 2000 Cerro Grande wildfire within the Pajarito 
Watershed. Sampling took place in both burned and unburned areas. The results of ash 
indicate that the concentrations of 137Cs are elevated in the ground vegetation compared 
to above ground vegetation. Sediment has elevated concentrations of 137Cs, but due to the 
erosion of ash into water, it is transitory. The redistribution of suspended sediments is 
short-term for this study but other trace elements such as Pb and Fe can remain in water 
resources especially if they are not diluted. This can have long-term effects on aquatic 
organisms that are sensitive to minute changes. Suspended sediments from ash can also 
create more turbidity in water, which can lead to a decrease in water quality, particularly 
in urban areas that acquire water supplied from surface water.  
 According to Certini (2005) the extent of degradation is not only dependent on the 
temperature of the fire, but also soil properties, fire reoccurrence frequency, and the 
environmental conditions post-fire. Depending on the quality and quantity of biomass 
(fuel), the temperature at the surface of the soil can exceed 700° C with heat dissipating 
as one moves vertically down the horizon to ~30 cm (Debano, 2000a). Depending on fire 
duration, this determines how much heat will be dispersed down horizon. Organic carbon 
can be completely combusted/reduced when temperatures reach greater than 450° C in 
the soil, creating long and short-term transformations in the biochemical structure used 
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for ecological productivity (Arocena & Opio, 2003; Certini, 2005). Studies conducted by 
Arocena & Opio (2003), Certini (2005) and Iglesias et al. (1997) all show that as 
temperatures increase and organics are completely combusted, the pH of the soil becomes 
more alkaline and an increase in electrical conductivity occurs (Hernández et al., 1997; 
Naidu & Srivasuki, 1994). As previously mentioned, excessive temperatures can cause 
alteration (dehydroxlation and decomposition) of clay minerals such as kaolinite, illite 
and vermiculite within the soil horizons (Reynard-Callanan et al., 2010). In a study done 
by Iglesias et al. (1997) alterations were seen to kaolinite and vermiculite due to high 
temperatures with the formation of calcite in the soil due to the combustion of the tree 
species Q. pyrenaica. Iron oxide minerals are known to be transformed at even lower 
temperatures, especially minerals residing in the O/A horizon (Certini, 2005).   
 Few studies have been conducted to investigate changes and redistribution of 
trace elements in soils. Trace elements are found everywhere in nature, but become an 
environmental concern when found at higher concentrations(Campos et al., 2016). They 
include heavy metals that are highly toxic and can accumulate over time. Contaminated 
soil could grow vegetation that is then consumed by animals hunted as game or crops 
grown for human consumption. Risk can also come to the ecosystem itself requiring 
years for recovery (Smith et al., 2011). Low amounts of heavy metals can naturally 
accumulate over time, whereas wildfires can cause a greater risk of toxic trace elements 
and heavy metals accumulating in a short time frame (Campos et al., 2016; Costa, et al., 
2014; Pinedo-Gonzalez et al., 2016). 
Campos et al. (2016) examined major and trace elements from a wildfire which 
occurred in July 2010, near the parish of Ermida, Portugal. The study took a series of soil 
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(eucalypt and pine forests) and ash samples at six sites along hill slopes. Samples were 
collected directly after the fire, and respectively four, eight and fifteen months later. 
Major and minor trace elements of the samples were analyzed using Inductively coupled 
plasma mass spectrometry (ICP-MS). Of special interest were the trace elements V, Mn, 
Co, Ni, Cu, Cd and Pb. The analyzed ash samples show high concentrations of Mn and 
Pb, while the lowest concentrations were Co and Cd. Burnt soil samples from the initial 
sampling showed concentrations of V, Mn, Ni, Cd, and Pb, compared to unburned soil, 
with Mn having the highest concentration. The other samples show a decrease in most 
concentration of these trace elements due to rainfall and erosion, except for Cu and Pb 
which remain at relatively the same levels even in the 15-month sampling.  
 Costa et al. (2014) investigated a wildfire originating from an airplane crash in 
June 2006, in the Marao River watershed, Portugal.  Landsat TM remote sensing images 
were used in the study to calculate how much biomass was burned during the fire and to 
document the recovery of vegetation over time. Three samples of ash and soil were 
collected within the burn area to conduct chemical analysis five and eleven months after 
the fire. Water samples for chemical analysis, as well as pH and electrical conductivity, 
were collected upstream from the burn area, within the burn area and downstream. 
Results from the chemical analysis of soil in ashes showed high concentrations of Mn, 
Mg, Fe, Cu, and Zn. Zn and Mn were only seen in high concentrations in the five-month 
samples and decreased after the 11-month sample results. This indicates that Mn and Zn 
leached from the soil samples and were most likely carried away by water runoff from 
rain water transported to the river system (Costa et al., 2014). Fe and Cu remain 
relatively the same between both sampling times in this study, but Cu concentrations vary 
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in other studies. Water chemistry results had concentrations of Mg, Mn, Na, and Ca in the 
samples collected 5 months after the fire and Mn was still high even after the 11-month 
water sampling. Excessive heat can cause the soil to become water repellent, lessening 
infiltration rates. According to Debano (2000), heat going vertically down through the 
soil dehydrates organic particles, which release waxes that attach to clay sized particles 
forming an impermeable layer. This can increase runoff and erosion leading to ash-flow 
into nearby water sources. Flooding can occur due to this increase of deposition of soil 
into river and streambeds that displace water.  
Pinedo-Gonzalez et al. (2016) investigated size partitioning of metals transported 
due to storm runoff from wildfires in the September 2012 San Gabriel Mountains in 
greater Los Angeles County. Storm water runoff was collected in three different 
catchment sites of both unburned and burned areas. One catchment was inside a burn 
area, one was a reference site that was not burned and the last site was an urban area. 
ICP-MS was used to analyze all the samples measuring the concentrations of Cd, Co, 
Mo, Ni, Fe, Cu, Zn, Pb, and V. Both unburned and urban area yield results where runoff 
concentrations of Cd, Co, Mo, Ni, Fe, Cu, Zn, Pb, and V are the same compared to 
previous studies and were within range of what is found in nature and where human 
activity exists (Davis et al., 2001; Joshi & Balasubramanian, 2010; Yoon et al., 2006). 
Higher concentrations of Fe, Cu, Zn, Pb and V were found in the burn area which were 
higher than natural background and comparable to those concentration levels found in 
urban areas. Size partitioning was seen in Pb and Fe where wildfires can modify the 
colloidal and soluble phases of these two elements (Pinedo-Gonzalez et al., 2016). 
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1.2 Effects of Wildfires on Water Quality and Chemistry 
 Wildfires can have negative impacts on both the physical and chemical aspects of 
water. According to Tecle & Neary (2015), transported debris including ash, soil, charred 
trees and vegetation can enter water sources and cause an increase in turbidity. If the fire 
is close to the water source, the temperature of the water can also increase and kill off 
aquatic life sensitive to temperature changes. Erosion and stormflow has also been known 
to increase peak river and stream flows that affect discharge areas outside the vicinity of 
the fire (Tecle & Neary, 2015). Water chemistry can change from the fire and can affect 
water quality for long durations. According to Smith et al. (2011), trace elements of Fe 
and Mn can change both the color of water as well as taste.  Elevated concentrations of 
Pb, Al, and Hg are toxic to both humans and wildlife and can have long-term effects. 
Smith et al. (2011) mentions that there is a lack of data for post-fire trace element 
concentrations in streams and other water bodies.  
 Burton et al. (2016) looked at the trace elements in stormflow and streams 
following the September 2009 Station Fire at the Angeles National Forest in Los 
Angeles, CA. The primary purpose of the study was to identify toxic trace elements in 
ash and soil and compare them to stormflows in streams. For this study 32 samples of 
ash, 18 samples of burned soil, 4 samples of unburned soil and 13 sites for stream water 
sampling were collected. Results from the burned and unburned soil showed that trace 
elements of As, Ni, Pb, Zn and Fe were relatively the same to each other. Comparing the 
burned soil to ash, trace elements in the ash had higher concentrations of Cu, Pb, and Zn 
where Fe was higher in the burned soil samples. Burton et al. (2016) establish that Fe 
mainly derives from minerals in the soil where Cu, Pb, and Zn are primarily found in 
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vegetation. Sources of As, Mn and Ni come from burned vegetation and soil. Buildings 
were also destroyed during this fire and elements of As, Cu, Pb, Ni and Zn can also 
derive from these sources. High concentrations of Pb, Ni, and Zn were found in the 
samples from streams close to the vicinity of the fire. These concentrations were found to 
be higher than what is recommended for certain types of aquatic life.   
 In summary, wildfires can cause physical and chemical changes to soils and water 
resources. These changes are short and long-term and can have adverse effects on the 
environment. It has been discussed in this chapter that burned biomass (ash) and high 
temperatures from the fire can alter soil properties while also adding/changing major and 
minor elements. Concentrations of trace elements and metals can reside in soils for 
extended periods and can be transferred to water sources by erosion due to repellency 
layers created during the fire. The concentration of trace elements in water sources poses 
a threat to aquatic species, drinking water for human consumption and ecosystems. 
 Historically, fire regimes within this region have consisted of low intensity fires 
used to clear land by Native Americans and during the Industrial Revolution more intense 
burning for use as a raw material and fuel (Brose et al., 2001). In more recent times, 
forest management have set low intensity, prescribed fire regimes to destroy diseased 
trees, invasive plants and insects. The 16-Mile Fire burned much hotter and at a longer 
duration compared to past wildfires in this area. The nature of this fire is consistent with 
fire regimes that are seen in Western United States. 
1.3 Project Aim 
This project investigates the impacts of wildfire on major and trace elements in 
soil from the April 2016, 16-Mile Wildfire at the Delaware State Forest, Pennsylvania 
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(Warner, 2016). The goal of this project was to determine if there is an identifiable trace 
element signature in the forest soil following the fire. Concentrations of heavy metals and 
trace elements can accumulate from the burning of biomass and other material (such as 
building materials), during wildfires, possibly leading to an increase of trace elements in 
soil and surrounding watershed. Soil sampling was conducted within burned study areas 
as well as unburned areas that are immediately adjacent to the fire. The unburned soil 
outside the burn zone will be used as control for the study. Inductive coupled plasma 
mass spectroscopy (ICP-MS) is utilized to identify the major and minor composition of 
ash and soil of each site. Bedrock samples were also analyzed by ICP-MS to determine 
the elemental composition of the parent material of the soil pre-fire. Samples are point 
specific, so elemental signatures can then be used within a geographic information 
system (GIS) to identify where concentrations of trace elements and heavy metals might 
possibly reside within areal fire extent and surrounding sub basin. Specifically, this 
information can be used to determine the amount of change to the soil from the wildfire. 
In addition, forest and wildlife management professionals can use this information to 
manage natural resources and sensitive ecosystems from the potential change in soil and 
water chemistry.  
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Figure 1.1 Effects of fires on soils chemical, biological, and chemical properties (Santín 
& Doerr, 2016).  
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Table 1.1 Elemental concentrations of wood ash at various temperatures (°C) in ppm 
(Etiégni & Campbell, 1991). 
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2. METHODS 
It is useful to investigate the elemental signatures between burned and unburned soils 
in order to understand the effect wildfires have on soil geochemistry within a watershed. 
These signatures are then used to trace temporal differences within the landscape. The 
effects of wildfires on soil geochemistry within a watershed is necessary to investigate 
elemental signatures between burned and unburned soil, using signatures to trace 
temporal differences within the landscape. Sampling is needed for the study area to 
determine if fire signatures can be used to delineate the mobility of trace elements within 
the fire extent and adjacent area soil.  
2.1 Study Area 
 The study area, designated as the 16-Mile fire, is located within the Delaware 
State Forest in northeastern Pennsylvania. The Delaware State Forest covers 
approximately 335 km2, spanning across four counties, with the fire occurring in Pike and 
Monroe counties (Figure 2.1). The fire occurred in April of 2016 due to arson, burned 
32.5 km2 (Figure 2.2 & 2.3) over a five day period and destroyed more than 11 structures 
within the state forest (PA Department of Conservation and Natural Resources, 2016). 
This wildfire was severe due to the ecological conditions of fuel (tree species) burned, 
which was caused by climatic circumstances and trees that were diseased by gypsy 
moths, present during the time of the fire (Callanan et al., 2017b). According to Callanan 
et al. (2017), the main climatic conditions that contributed include a drier spring with less 
than normal precipitation and more temperate winter (Philadelphia/Mount Holly Weather 
Forecast Office, 2017). Much of the ground vegegation within the fire extent has grown 
back since, but much of the trees burned are still present (Figure 2.4). 
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Tree species found within the fire extent and surrounding area consist mainly of 
Quercus montana (chestnut oak) found in association with both Quercus velutina (black 
oak) and Quercus alba (white oak) (Callanan et al., 2017b). The wildfire burned near the 
center of the state forest with a stream, Big Bushkill Creek, bisecting the burn zone.  Big 
Bushkill Creek is a tributary approximately 48 km long that drains into the Delaware 
River with headwaters from Pecks Pond and Porter Lake (U.S. Geological Survey, 1979).  
The Big Bushkill Creek and Delaware State Forest are part of the Middle Delaware-
Mongaup Brodhead Watershed (Figure 2.5) (United States Department of Agriculture, 
Natural Resources Conservation Service, 2009). The burned portion of the Delaware 
State Forest is used for recreational fishing, hunting, hiking and lumber resources.  
 The bedrock lithology of the of the 16-mile and surrounding area, consists of 
upper Devonian Long Run and Walcksville members of the Catskill Formation (Figure 
2.6) (Harper, 1999). The Catskill Formation is part of the greater Catskill deltaic wedge 
that was created from the Acadian orogeny (Brezinski et al., 2009; Ettensohn, 1985; 
Harper, 1999). According to Harper (1999), the Catskill wedge is classified in five broad 
facies with the Catskill formation consisting of deposited sediments of sandstone and 
mudstone. The parent material for the soil of the 16-Mile Fire is sandstone with much of 
the soil texture ranging from coarse loamy to loamy skeletal, based on the soil survey 
(Figure 2.7). Within the 16-mile Fire extent, 28 soil series are present (Figure 2.8), with 
Morris, Lackawanna, and Arnot series being most dominant (USDA-NRCS, n.d.). Soil 
development and partial parent material can also be coming from glacial till from the 
Wisconsin Ice Age which extended south past the Delaware State Forest (PA Department 
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of Conservation and Natural Resources, 2000). The presence of small boulders of 
differing lithology from that of the local bedrock in the region is evidence of glacial till.  
2.2 Field Methods 
Site Nomenclature  
To properly site and reference project samples, an identification system was 
constructed using codes for the following information: event id (16MF), time frame (Tx), 
sample site (Sx), and horizon/material (xxx) (example: 16MF-T1-S2-O).  In this case, the 
‘time frame’ classification indicated each sample’s time of collection post-fire. Any 
sample obtained one month after the 16-Mile Fire was denoted as T1, while those from 
the eight and ten-month collection were denoted as T2. A total of 11 sites were sampled 
with six sample sites in the burn area (16MF-T1-A1, 16MF-T1/2-S3, 16MF-T1/2-S4, 
16MF-T1/2-S7a/b, and 16MF-T1/2-S10) and 5 sample sites outside the burn area (16MF-
T1-S2, 16MF-T1/2-S5, 16MF-T1/2-S9, 16MF-T1-S12, and 16MF-T2-S12) (Table 2.1).  
Soil Survey 
Soil samples were obtained by excavating short pits, where soil was dug to the B/C 
horizon, to expose three sides to determine horizon boundaries. Soil sampling was 
separated based on soil horizons. Sampling also included gathering samples of ash and 
charred tree in areas, where present post-fire, along with an unburned branch to use as a 
control for ash samples. A soil pit was also dug to determine the typical soil profile of 
this region (Figure 2.9). To determine the parent material, a bedrock sample was 
collected, analyzed and compared to soil samples. GPS coordinates were collected for all 
sites for use in mapping the area (Figure 2.10) of interest and GIS analysis.  
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2.3 Laboratory Methods 
Bulk soil samples were first placed in 50ml beakers with approximately 40ml of 
sample and oven dried at 75°C for 48 hours to remove water content within the samples. 
The dried samples were then crushed with an agate mortar and pestle to fine powder for 
flux-fusion preparation to be later analyzed by ICP-MS.  A modified version of Murray et 
al. (2000) flux-fusion preparation is used at Montclair State University’s geochemical 
laboratory (Hansen & Passchier, 2016). Murray    . (2000) uses a tolerance of +/- 0.0005g 
of lithium metaborate (LiBO2) and an initial concentration of 10% HNO3, whereas a 
tolerance of +/- 0.0020 g LiBO2 and an initial concentration of 7% HNO3 are used in our 
flux-fusion preparation. Each sample was weighed using an analytical balance on 
weighing paper with sample masses between 0.0995 – 0.1005 g (tolerance of 0.5%). 
LiBO2 was then added to the sample with the masses between 0.398 – 0.402 g (tolerance 
of 0.5%). The sample and LiBO2 were mixed and positioned into a graphite crucible and 
placed in a muffle furnace for pyrolysis at 1050°C for approximately 35 minutes. After 
the allocated time, the homogenous molten bead was carefully transferred from the 
crucible to a Teflon beaker (with magnetic stir rod) filled with 50ml of 7% HNO3 where 
the sample would shatter. To further dissolve the bead in HNO3 the Teflon beakers are 
placed on magnetic stir plates to completely dissolve the fused sample. The solution was 
filtered into 60ml Nalgene bottles. The 50ml of 7% HNO3 dilutes the sample to a factor 
of 500x. To run the 500x solution on ICP-MS, 0.50ml of the 500x solution was pipetted 
into 15ml tubes along with 9.5 ml of 2% HNO3 creating a 10,000x dilution. The 15ml 
tubes of 10,000x sample solutions along with standards and blank samples were all 
placed on an auto-sampler rack and were measured on a Thermo Scientific iCAP Q ICP-
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MS. To account for variation, all samples were replicated 3 times for major and minor 
elemental analysis.  
Along with the soil samples, ten standards were created from United States 
Geological Survey (USGS) and National Institute of Standards and Technology (NIST) 
geochemical standards (Table 2.2), which have known compositions. These standards are 
used to calibrate the analyzed results testing the calibration of major and minor elements. 
Three blank samples were made for the entire set of samples to measure for any 
contamination of the entire flux-fusion preparation through analyzing the samples on the 
ICP-MS. The blanks contain no sample except LiBO2 measuring between 0.398 – 0.402g. 
Drift solution was also used during ICP-MS analysis, to account for any fluctuation of the 
instrument while measuring the samples. Drift solution was measured every fifth sample 
and used post ICP-MS analysis using an Excel™ post processing spreadsheet. All post 
processing of ICP-MS data was done using Microsoft Excel 2017™ on a spreadsheet 
template where the raw data was input in counts per second (CPS). Data was then 
corrected for drift, measured for accuracy by standards calibration (USGS & NIST), and 
corrected against blanks. Final data for major elements (SiO2, TiO2, AlO3, Fe2O3, MnO, 
MgO, CaO, Na2O, K2O and P2O5) were in weight percent whereas minor elements (Sc, 
V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, 
Ho, Er, Tm, Yb, Lu, Hf, Ta, Pb, Th, and U) were finalized in parts per million (ppm). 
This analysis is similar to those carried out by Burton et al. (2016) & Campos et al. 
(2016), who also utilized ICP-MS for trace chemical analysis of ash, soil and water 
samples from forest fires. Statistical analysis was carried out using IBM’s SPSS™. 
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Analysis of variance (ANOVA) was used to test each individual element for differences 
in element concentrations in burned versus unburned soils.  
2.4 Geographic Information System Analysis 
 GIS mapping and analysis was accomplished using ESRI ArcMap 10.5 Desktop 
Advanced, which is the industry standard when conducting geospatial research. All 
shapefiles and data were downloaded from the Pennsylvania Spatial Data Access website 
(http://www.pasda.psu.edu/) and imported and organized in ArcMap. To delineate the 
sub-basin of the Middle Delaware-Mongaup-Brodhead watershed, a 1-meter digital 
elevation model (DEM) for Pike and Monroe counties were processed in ArcMap using 
the surficial hydrology modeling toolset. The fill tool was first used to remove any 
depressions artifacts inherent within the DEM. Flow direction and flow accumulation was 
then used to determine the direction of surface runoff and to then establish which cells 
have the most concentration of flow based on flow direction. Accumulation points were 
then designated within the flow accumulation model to derive the sub basin.  
 The Revised Universal Soil Loss Equation (RUSLE) is used to model soil loss 
potential of the 16-Mile extent and surrounding area in ArcMap, soil loss based on the 
following parameters using methods from Fu et al., (2006) and Panagos et al., (2015): 𝐴 = 𝑅	𝑥	𝐾	𝑥	𝐿𝑆	𝑥	𝐶	𝑥	𝑃 
Where “R” is the climate factor (rainfall erosivity), “K” is the soil factor (soil erodibility), 
“LS” is the topography factor (slope length and steepness in degrees), “C” is the land-use 
factor (cover-management), “P” is support practice (if the land was maintained for crop 
rotation), and “A” is soil loss by unit measure (tons/ha/yr) (Fu et al., 2006). The rainfall 
erosivity, “R” factor, for this model was based on the average isoerodent values, the 
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study area has an isoerodent value of 137 ton/hr/yr (Renard et al., 1997). The value was 
added to the sub-basin polygon shapefile and converted to a raster. The soil erodibility, 
which is based on soil properties (texture and structure), is included in the soil survey. 
The soil survey maps for Monroe and Pike Counties were converted to raster using the k 
factor. Slope length and degree factor, “LS” were derived using the flow accumulation 
map for the sub basin and slope raster (in degrees). To calculate the LS- factor the 
following formulas were used, where	𝑚 = 0.4 and 𝑛 = 1.4 (Fu et al., 2006; Haan et al., 
1994): 
𝑆 = sin	(0.01745	𝑥	𝜃𝑑𝑒𝑔)0.09 = 
𝐿 = 𝑚 + 1 𝜆@22.1 B 
The cover-management, “C” factor for this project was derived using a land cover 
shapefile for the 16-Mile fire and surrounding area, utilizing C factor values by (Fu et al., 
2006; Haan et al., 1994). Typically, C factor values are generated using land cover and 
NDVI satellite imagery for the area of interest that are site specific. The RUSLE model of 
this study is experimental due to the unknown land cover from post-fire conditions, hence 
the use of predetermined C values. The support practice factor “P” is based on the 
different practices for contouring cropland and rangeland. Since the study area is within a 
state forest with no disturbance to the soil, we used a value of 1. Once all rasters were 
created, all the factors were entered in the raster calculator using the RUSLE to calculate 
soil loss within the sub basin watershed. Validation of the RUSLE model is needed to 
determine the accuracy of the model results. The slope raster map was employed to 
validate the RUSLE model by overlaying both rasters and comparing the RULSE model 
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results to the slope of the 16-Mile Fire extent. Areas of increased slope steepness aligned 
with the RUSLE model results.  
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Figure 2.1 Location of 16-mile fire in Monroe and Pike Counties, PA.  
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Figure 2.2 Aerial view of the 16-Mile Fire (Hazen, 2016). 
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Figure 2.3 Forestry workers and firefighters trying to control the fire from spreading 
(Hazen, 2016). 
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Figure 2.4 Vegetation growing back 10 months after the 16-Mile Fire event (Callanan, 
2017). 
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Figure 2.5 Extent of the Middle Delaware-Mongaup Brodhead Watershed (United States 
Department of Agriculture Natural Resources Conservation Service, 2009). 
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Figure 2.6 Bedrock geology of 16-Mile fire and surrounding region. 
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Figure 2.7 Soil texture map of the 16-Mile fire. 
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Figure 2.8 Soil series of the 16-Mile fire extent.  
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Figure 2.9  Soil profile at Site 10, showing depths of each horizon (Callanan, 2017). 
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Figure 2.10 Map of 16-Mile fire extent and surrounding area, Delaware State Forest, PA. 
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Table 2.1 Sampled sites and their properties. 
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Table 2.2 U.S. Geological Survey and National Institute of Standards and Technology 
geochemical standards. 
 
  
USGS/NIST	Standards Location Type
RGM-1 Califorina Rhyolite
AGV-2 Oregon Andesite
MAG-1 Massachusetts Marine	Sediment
G-2 Rhode	Island Granite
BHVO-2 Hawaii Basalt
SCo-1 Wyoming Shale
QLO-1 Oregon Quartz	Latite
DNC-1 North	Caroline Dolerite
GSP-2 Colorado Granodiorite
Montana	Soil-2 Montana Agricultural	Soil
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3. RESULTS 
Field sampling of burned sites within the fire extent showed indication of intense 
temperatures from the fire. Sites 3, 4, 7A, and 10 all had an ash layer on the surface of the 
ground. Site 7B was the site of a cabin that was burned during the fire event, which 
during the second interval of sampling was removed and soil samples were collected to 
determine differences where structures were present and not present. Ground vegetation 
was not thick in a number of these areas, except for the presence of various species of oak 
trees. During the second interval for sampling ash was removed at all of these sites.  
3.1 Geochemistry of Major Elements 
Major elemental data for all of the sites and control samples are reported in 
normalized weight percent (Table 3.1) and trace elemental data are reported in ppm 
(Table 3.2). The following samples (16MF-T1-S3-Ash, 16MF-T1-A3-Duff, 16MF-T1-
A1-Ash, 16MF-T1-S10-Ash/Tree, 16MF-T2-S3-Tree, 16MF-T2-S12-Ash, and 16MF-
T2-S7A-Tree) had various individual elemental values that were recorded as negative 
values due to overall low counts per second (cps) from ICP-MS analysis due to blank and 
drift correction in post processing. To correct for this, negative values were replaced with 
a zero value. For all major and trace element line graphs (Figures 3.1 through 3.22), solid 
lines denote horizons in time series 1 and dashed lines denote horizons in time series 2. 
Complete data tables shown in tables 3.1 and 3.2. 
Each site had noticeable concentration in aluminum ranging from 11.81 weight 
percent at Site 12 to 23.06 weight percent at Site 9. O horizons have the highest amount 
of aluminum compared to other horizons. Unburned sites also show a slight concentration 
with calcium that averages out to be 1.87 weight percent and manganese that averages 
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out to be 1.86 weight percent. The unburned soils show a similar trend in major elements 
compared to the control rock (Figure 3.11) (sandstone parent material). 
 The burned sites (Figures 3.2, 3.3, 3.5, 3.6, 3.8) have aluminum concentrations 
ranging from 11.50 to 46.99 weight percent’s, which is similar to the same trend seen in 
the unburned samples, although some burn samples have higher weight percents. 
Calcium peaks range from 1.23 to 20.53 weight percent and are seen in all the burned 
sites. The ash sample from site 3 shows the highest calcium peak (69.29 weight percent) 
out of all samples analyzed, including the control ash (58.08 weight percent). Site 4 is the 
only site to show an increase in aluminum and calcium from time series 1 to time series 
2. Site 7A & B both show manganese peaks throughout all of the horizon samples in both 
time series. All other major elements have relatively the same weight percent throughout 
all of the burned and unburned samples. Unburned calcium samples have an average 
normalized weight percent of 1.87 with the greatest weight percent 2.87 in sample 16MF-
T1-S5-TS. Burned samples have a normalized weight percent of 6.62 with the highest in 
the soil samples having a weight percent 10.25 in sample 16MF-T2-S4-O (Figure 3.25). 
Unburned manganese samples have an average weight percent of 0.23 with the greatest 
weight percent of 1.05 in sample 16MF-T1-S9-AC. Burned soil samples have a 
normalized weight percent of 1.10, with the highest normalized percent weight in the B 
horizon of sample 16MF-T1-S7A-B1 (Figure 3.26).  
 Differences of major elemental concentrations can be seen in horizons from each 
other at all the sites (Figures 3.1through 3.10). The O, OA horizons have the highest 
concentrations whereas the A and B horizons have less concentrations. Within the 
unburned samples where A horizons are present, Site 2 (Figure 3.1), Site 9 (Figure 3.7), 
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Site 12 (Figure 3.10), the A horizon has slightly higher concentrations of manganese to O 
horizons of the sites. Within burn sites, aluminum, magnesium, sodium and potassium 
have consistent concentrations within all of the horizons. 
 Changes between sites over time is visible on all of the sites (Figures 3.1 through 
3.10), but do not have any consistency between sites. Sites 3 (Figure 3.2), Site 5 (Figure 
3.4), Site 10 (Figure 3.8) show overlapping concentrations of major elements between 
time interval one and two.   
3.2 Geochemistry of Trace Elements 
 Most trace elements are negligible with concentrations < 20 ppm. Some elements 
such as vanadium, nickel, copper, rubidium, strontium, zirconium, barium, lanthanum, 
cerium and neodymium, have noticeably higher concentrations. Trace amounts of 
vanadium, rubidium, strontium, yttrium, and lead are found in all the burned and 
unburned samples. Zirconium is shown as a prominent concentration in all samples, with 
the burned samples +/- 278 ppm and the unburned slightly higher with an average of 374 
ppm. Site 9 (unburned) and site 10 (burned) show a similar trend with zirconium, having 
a higher concentration in time series 2 compared to time series 1. Copper has higher 
concentrations in the burned samples averaging 28 ppm, whereas 18 ppm in the unburned 
samples with site 7B having the highest concentrations. Barium has the highest 
concentration out of any of the elements present with the higher concentrations found in 
the burned samples. Site 7A has the highest concentration with 2082 ppm in the B 
horizon, and 1295 ppm in the O horizon in time series 1. Site 4 shows a trend of 
increased barium from the OA horizon time series 1 (300 ppm) compared to the O 
horizon (498 ppm) and A horizon (618 ppm) in time series 2.  Ash at site 3 also has a 
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high concentration of barium compared to all other ash samples except the control ash 
which has a concentration of 2697 ppm. 
 Results of copper over time between burned and unburned through the different 
horizons (Figure 3.27) show higher concentrations of copper in burned sites to unburned 
sites. Copper concentrations are staying relatively the same between the two sampling 
time intervals in both burned and unburned samples (Figure 3.28). Concentrations within 
the horizons are also consistent with burned samples with the exception of site 7B which 
has higher concentrations in time interval two but cannot be compared since 7B was not 
sampled during time interval one. Comparing barium concentrations of burned and 
unburned between the time intervals through the different horizons (Figure 3.29) have 
higher concentrations within the burned sites to unburned sites. Like copper, barium 
concentrations remain the same between the two sampling intervals and stay within the 
horizons (Figure 3.30). 
Using rare earth elements (REE’s) lanthanum (La), cerium (Ce), praseodymium 
(Pr), neodymium (Nd), samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), 
dysprosium (Dy), holmium (Hm), erbium (Er), thulium (Tm), ytterbium (Yb) and 
lutetium (Lu) results of O horizons site 3, site 9 for the two time intervals were plotted 
along with the control rock sample. These concentrations were then normalized against 
upper continental crust values (Taylor & McLennan, 1995) to investigate any differences 
between the parent material to burned and unburned samples. REE’s (Figure 3.24) show 
similar trends between the control rock and site 9 T1, whereas site 9 T2 has slightly lower 
values in La, Ce, Pr, Nd, Er, Tm, Yb, and Lu. The burned samples compared to unburned 
and control rock show an overall lower concentration in all REE’s with both burned 
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having a depletion in Ce. Burned sample site 3 T1 compared to site 3 T2 shows a further 
depletion of all REE’s indicating the fire event has a continuing effect.  
3.3 Statistical Analysis 
The analysis of variance (ANOVA) tested for statistically significant differences in 
the element concentrations, comparing two groups, burned soils and unburned soils. A 
total of 51 samples were included in the analysis. Manganese, calcium, copper, barium, 
sodium, strontium and tantalum were shown to be statistically significant in 
differentiating burned versus unburned soils (p < 0.05). Copper showed the most clear-
cut differentiation. No other elements were statistically significant. The results of the 
ANOVA test for the significant elements is shown in (Table 3.3).  
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Table 3.1 Major element concentrations in normalized wt % for all samples. 
 
  
Site	# Sample	Id Fire	Impact SiO2 TiO2 Al2 O3 Fe2 O3 MnO MgO CaO Na2O K2O P2O5
1 16MF-T1-A1-ASH burned 20.83 0.59 38.11 10.31 1.93 5.91 19.61 0.09 0.08 2.53
2 16MF-T1-S2-OA unburned 68.58 1.11 18.83 4.59 0.05 2.10 2.32 1.09 1.05 0.29
2 16MF-T1-S2-OAB unburned 64.81 1.15 18.73 8.05 0.06 2.46 1.93 0.69 1.79 0.34
2 16MF-T1-S2-BBC unburned 76.36 0.88 13.77 4.23 0.03 1.49 1.36 0.84 0.94 0.11
3 16MF-T1-S3-ASH burned 0.00 0.59 15.94 3.61 5.94 3.02 69.29 0.30 0.00 1.30
3 16MF-T1-A3-DUFF burned 14.44 0.47 46.99 9.48 2.77 6.42 16.95 0.06 0.00 2.42
3 16MF-T1-S3-O burned 35.04 1.62 38.68 10.11 0.37 5.20 6.61 1.03 0.09 1.25
3 16MF-T1-S3-A burned 66.25 1.12 19.23 5.94 0.10 2.35 2.93 0.84 0.72 0.51
3 16MF-T1-S3-B1 burned 76.49 0.83 13.56 4.30 0.08 1.48 1.66 0.68 0.81 0.11
3 16MF-T1-S3-B2 burned 78.68 0.85 12.01 4.27 0.07 1.41 1.23 0.47 0.81 0.18
3 16MF-T1-A3-TREE burned 24.28 0.84 36.09 8.53 1.64 4.79 20.53 0.18 0.97 2.15
3 16MF-T2-S3-O burned 52.89 0.86 28.59 6.99 0.60 3.52 5.83 0.16 0.01 0.55
3 16MF-T2-S3-OA burned 75.96 0.88 14.38 4.12 0.05 1.58 1.81 0.35 0.70 0.17
3 16MF-T2-S3-B1 burned 78.77 0.73 12.39 3.93 0.05 1.36 1.42 0.49 0.74 0.14
4 16MF-T1-A4-ASH burned 76.50 0.68 11.50 3.46 0.22 1.44 4.78 0.30 0.71 0.42
4 16MF-T1-S4-OA burned 76.77 0.80 12.31 3.59 0.20 1.52 3.58 0.45 0.43 0.35
4 16MF-T2-S4-O burned 52.28 1.13 23.50 6.58 1.04 3.17 10.25 0.39 0.57 1.08
4 16MF-T2-S4-A burned 68.03 0.80 14.34 4.29 0.72 1.90 8.20 0.38 0.61 0.72
4 16MF-T2-S4-BE burned 78.72 0.78 12.92 3.30 0.05 1.46 1.86 0.34 0.48 0.10
4 16MF-T2-S4-B2 burned 78.21 0.78 12.38 4.40 0.07 1.43 1.37 0.45 0.69 0.22
4 16MF-T2-S4-TREE burned 13.13 0.45 56.41 10.92 0.45 6.95 11.63 0.06 0.00 0.00
5 16MF-T1-S5-TS unburned 65.72 0.97 18.21 6.66 0.38 2.29 2.87 1.11 1.36 0.41
5 16MF-T1-S5-CORE15 unburned 74.31 0.78 12.78 6.35 0.47 1.37 1.32 0.89 1.61 0.12
5 16MF-T2-S5-O unburned 63.46 0.87 19.46 8.24 0.43 2.35 2.63 0.67 1.43 0.47
5 16MF-T2-S5-A unburned 74.46 0.81 14.84 4.57 0.06 1.61 1.60 0.81 1.09 0.14
5 16MF-T2-S5-B unburned 77.46 0.81 12.05 5.10 0.08 1.35 1.16 0.93 1.03 0.05
7a 16MF-T1-S7A-O burned 64.56 0.74 14.51 7.02 2.10 1.69 7.08 0.61 1.06 0.62
7a 16MF-T1-S7A-A burned 71.24 0.77 13.75 7.03 1.86 1.67 1.60 0.86 0.88 0.34
7a 16MF-T1-S7A-B1 burned 68.02 0.83 14.34 7.92 3.58 1.68 1.48 0.80 1.03 0.33
7a 16MF-T2-S7A-O burned 70.14 0.81 13.40 7.06 2.21 1.57 2.83 0.72 0.84 0.43
7a 16MF-T2-S7A-OA burned 68.69 0.84 14.39 8.18 2.76 1.65 1.51 0.76 0.89 0.33
7a 16MF-T2-S7A-A burned 71.56 0.81 13.76 7.26 1.60 1.66 1.41 0.80 0.86 0.28
7a 16MF-T2-S7A-TREE burned 13.02 0.46 55.89 10.94 0.30 6.82 12.10 0.10 0.34 0.02
7b 16MF-T2-S7B-OA burned 66.95 0.92 16.02 8.21 2.07 1.91 1.70 0.81 0.99 0.41
7b 16MF-T2-S7B-B burned 68.63 0.88 15.26 8.44 1.28 1.87 1.35 0.77 1.22 0.29
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7b 16MF-T2-S7B-B burned 68.63 0.88 15.26 8.44 1.28 1.87 1.35 0.77 1.22 0.29
Site	# Sample	Id Fire	Impact SiO2 TiO2 Al2 O3 Fe2 O3 MnO MgO CaO Na2O K2O P2O5
9 16MF-T1-S9-O unburned 60.73 1.07 23.06 6.67 0.58 2.86 2.72 0.73 0.70 0.89
9 16MF-T1-S9-AC unburned 69.59 0.78 16.29 5.88 1.05 1.95 1.74 0.65 1.45 0.62
9 16MF-T2-S9-O unburned 75.03 0.79 14.11 4.67 0.23 1.74 1.66 0.54 1.02 0.21
9 16MF-T2-S9-A unburned 75.05 0.83 13.58 4.88 0.35 1.76 1.72 0.67 0.92 0.23
10 16MF-T1-S10-ASH burned 67.79 0.96 17.30 6.01 0.40 2.15 3.29 0.50 1.00 0.61
10 16MF-T1-S10-O1 burned 62.10 1.00 21.13 6.11 0.34 2.66 4.74 0.52 0.89 0.52
10 16MF-T1-S10-O2 burned 70.93 1.05 16.51 5.75 0.05 1.86 1.87 0.51 1.25 0.22
10 16MF-T1-S10-ASH/TREE burned 12.93 0.46 55.14 10.59 0.92 7.19 11.94 0.04 0.00 0.79
10 16MF-T2-S10-O burned 69.22 0.96 16.15 4.73 0.48 2.03 4.17 0.76 1.05 0.44
10 16MF-T2-S10-A burned 77.58 0.85 12.07 5.06 0.04 1.38 1.50 0.53 0.81 0.18
10 16MF-T2-S10-B burned 74.89 0.83 13.43 5.69 0.06 1.53 1.37 0.55 1.47 0.18
11 16MF-T1-S11-O unburned 65.25 1.12 20.56 6.31 0.17 2.38 2.69 0.56 0.54 0.41
11 15MF-T1-S11-OA unburned 71.82 0.97 16.82 5.12 0.05 1.82 1.99 0.53 0.69 0.19
11 16MF-T1-S11-B unburned 73.72 0.91 14.26 5.80 0.05 1.64 1.46 0.62 1.41 0.13
12 16MF-T2-S12-O unburned 77.78 0.94 12.81 3.84 0.04 1.51 1.71 0.51 0.67 0.19
12 16MF-T2-S12-A unburned 78.94 0.91 11.81 4.18 0.06 1.30 1.42 0.40 0.80 0.17
12 16MF-T2-S12-B unburned 76.08 0.73 13.29 5.20 0.05 1.41 1.42 0.44 0.99 0.39
control 16MF-T2-C-ROCK 73.50 0.87 13.37 5.78 0.14 1.99 1.31 0.85 2.08 0.10
control 16MF-T2-C-ASH 6.95 0.34 22.87 4.45 2.66 3.93 58.08 0.04 0.00 0.68
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Table 3.2 Trace element concentrations in ppm. 
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Figure 3.1 Elemental concentrations of Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P at Site 2. 
 
 
 
 
Figure 3.2 Elemental concentrations of Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P at Site 3. 
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Figure 3.3 Elemental concentrations of Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P at Site 4. 
 
 
 
 
 
 
 
 
 
Figure 3.4 Elemental concentrations of Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P at Site 5. 
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Figure 3.5 Elemental concentrations of Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P at Site 7A. 
 
 
 
 
 
 
 
 
 
Figure 3.6 Elemental concentrations of Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P at Site 7B. 
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Figure 3.7 Elemental concentrations of Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P at Site 9. 
 
 
 
 
 
 
 
Figure 3.8 Elemental concentrations of Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P at Site 10. 
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Figure 3.9 Elemental concentrations of Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P at Site 11. 
 
 
 
 
 
 
 
Figure 3.10 Elemental concentrations of Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P at Site 12. 
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Figure 3.11 Elemental concentrations of Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P for control 
ash and rock. 
 
 
 
 
 
 
Figure 3.12 Elemental concentrations of Sc, V, Cr, Co, Ni, Cu, Ga, Rb, Sr, Y, Zr, Nb, Cs, 
Ba, Hf, Pb, Th and U for Site 2 
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Figure 3.13 Elemental concentrations of Sc, V, Cr, Co, Ni, Cu, Ga, Rb, Sr, Y, Zr, Nb, Cs, 
Ba, Hf, Pb, Th and U for Site 3. 
 
 
 
 
 
 
 
Figure 3.14 Elemental concentrations of Sc, V, Cr, Co, Ni, Cu, Ga, Rb, Sr, Y, Zr, Nb, Cs, 
Ba, Hf, Pb, Th and U for Site 4. 
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Figure 3.15 Elemental concentrations of Sc, V, Cr, Co, Ni, Cu, Ga, Rb, Sr, Y, Zr, Nb, Cs, 
Ba, Hf, Pb, Th and U for Site 5. 
 
 
 
 
 
Figure 3.16 Elemental concentrations of Sc, V, Cr, Co, Ni, Cu, Ga, Rb, Sr, Y, Zr, Nb, Cs, 
Ba, Hf, Pb, Th and U for Site 7A. 
 
 
 
 
 
 
 
1
10
100
1000
Sc V Cr Co Ni Cu Ga Rb Sr Y Zr Nb Cs Ba Hf Pb Th U
pp
m
Site	5	Unburned
Topsoil	T1 OA	T1 O	T2 A	T2 B	T2
1
10
100
1000
10000
Sc V Cr Co Ni Cu Ga Rb Sr Y Zr Nb Cs Ba Hf Pb Th U
pp
m
Site	7A	Burned
O	T1 A	T1 B	T1 O	T2 OA	T2 A	T2
 52 
 
Figure 3.17 Elemental concentrations of Sc, V, Cr, Co, Ni, Cu, Ga, Rb, Sr, Y, Zr, Nb, Cs, 
Ba, Hf, Pb, Th and U for Site 7B. 
 
 
 
 
 
Figure 3.18 Elemental concentrations of Sc, V, Cr, Co, Ni, Cu, Ga, Rb, Sr, Y, Zr, Nb, Cs, 
Ba, Hf, Pb, Th and U for Site 9. 
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Figure 3.19 Elemental concentrations of Sc, V, Cr, Co, Ni, Cu, Ga, Rb, Sr, Y, Zr, Nb, Cs, 
Ba, Hf, Pb, Th and U for Site 10. 
 
 
 
 
 
Figure 3.20 Elemental concentrations of Sc, V, Cr, Co, Ni, Cu, Ga, Rb, Sr, Y, Zr, Nb, Cs, 
Ba, Hf, Pb, Th and U for Site 11. 
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Figure 3.21 Elemental concentrations of Sc, V, Cr, Co, Ni, Cu, Ga, Rb, Sr, Y, Zr, Nb, 
Cs, Ba, Hf, Pb, Th and U for Site 12. 
 
 
 
 
 
 
Figure 3.22 Elemental concentrations of Sc, V, Cr, Co, Ni, Cu, Ga, Rb, Sr, Y, Zr, Nb, Cs, 
Ba, Hf, Pb, Th and U for control rock. 
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Figure 3.23 Elemental concentrations of Sc, V, Cr, Co, Ni, Cu, Ga, Rb, Sr, Y, Zr, Nb, Cs, 
Ba, Hf, Pb, Th and U for control ash. 
 
 
 
 
 
 
 
Figure 3.24 Site 3 (burned), Site 9 (unburned), and control rock plotted against upper 
continental crust values (Taylor & McLennan, 1995). 
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Figure 3.25 Bar graph of samples sites comparing CaO wt % normalized by horizon 
based on fire impact and time series. 
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Figure 3.26 Bar graph of sample sites comparing Mn wt % normalized by horizon based 
on fire impact and time series. 
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Figure 3.27 Bar graph of sites comparing Cu ppm by horizon based on fire impact and 
time series. 
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Figure 3.28 Map of sites comparing Cu ppm from burned and unburned soils between 
the two-time intervals. 
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Figure 3.29 Bar graph of sites comparing Ba ppm by horizon based on fire impact and 
time series. 
 61 
 
Figure 3.30 Map of sites comparing Ba ppm from burned and unburned soils between 
the two-time intervals. 
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Table 3.3 Results of analysis of variance for element concentrations comparing burned 
versus unburned soils, all statistically significant (p= <0.05) elements. 
  
Sum of Squares df Mean Square F Sig.
Between Groups 11.12 2 5.56 3.872 .027
Within Groups 73.25 51 1.44
Total 84.37 53
Between Groups 1466.29 2 733.14 5.708 .006
Within Groups 6550.31 51 128.44
Total 8016.59 53
Between Groups 6629.61 2 3314.80 14.508 .000
Within Groups 11652.26 51 228.48
Total 18281.87 53
Between Groups 2823518.38 2 1411759.19 7.303 .002
Within Groups 9858530.83 51 193304.53
Total 12682049.20 53
Between Groups 2.08 2 1.04 4.946 .011
Within Groups 10.75 51 0.21
Total 12.83 53
Between Groups 2736.10 2 1368.05 3.372 .042
Within Groups 20693.24 51 405.75
Total 23429.33 53
Between Groups 222264.22 2 111132.11 4.215 .020
Within Groups 1344513.12 51 26363.00
Total 1566777.33 53
Between Groups 1.03 2 0.52 3.692 .032
Within Groups 7.12 51 0.14
Total 8.15 53
Ta
Sr
V
Cu
Ba
Na2O
ANOVA
MnO
CaO
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4.  DISCUSSION 
The main goal of this project was to study the major and trace elements of ash and 
soil samples of the 16-Mile Fire in the burned area and compare to samples upstream and 
downstream of the watershed sub-basin. Results from ICP-MS show variations between 
burned and unburned samples in the major elements calcium and manganese and within 
the trace elements copper and barium. Of these elements, copper and barium have higher 
concentrations and are considered to be fire signatures. Within the soil horizons the O 
and A have higher concentrations. Copper has higher concentrations in the second time 
interval compared to first time interval. Barium has relatively the same concentration 
between the two time intervals, with the highest concentration in the B horizon at site 7A. 
Copper and barium concentrations are higher in the burned area compared to the 
unburned areas. 
4.1 Geochemistry Trends and Correlations 
Burned vs Unburned Soil 
ICP-MS of major elements reveals calcium and manganese are more abundant in the 
ash and soil samples of burned sites to unburned areas. This is directly related to the 
temperature of individual elements that volatize at excessive temperatures (Bodí et al., 
2014). Ultimately, ICP-MS results yield two conclusive fire signatures of trace elements, 
copper and barium that are characteristic of wood ash as studied by Etiégni & Campbell 
(1991).   It is also worth noting that calcium is much more abundant in the ash samples 
compared to soil, which is typical of ash to due to high concentrations in biomass and 
litter (Costa et al., 2014). According to Bodí et al. (2014) and Certini (2005), an increase 
in calcium is common when high temperatures > 500 °C allow for various compounds 
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such as carbonates, oxalates, and oxides of calcium to disassociate, resulting in increased 
concentration in soil horizons. It is during this disassociation that alterations in calcium 
compounds occur both physically and chemically thus changing the mineralogy (Bodí et 
al., 2014). Manganese displays the same trend as calcium with higher concentrations in 
burned soils to unburned (Figure 3.26). 
Differences in the trace element copper is seen between the burned and unburned 
sites with burned samples containing higher concentrations (Figure 3.29). Spatially, the 
highest concentrations are at site 3, 7A, 7B, and 9 (Figure 3.28). Site 9 is southeast of the 
fire extent and might have higher concentrations of copper due to the northwest wind 
during the fire event (Philadelphia/Mount Holly Weather Forecast Office, 2017). The fire 
progression map (Figure 4.1) also indicates southeast movement of the high winds 
towards site 9, while also progressing further northeast as well.  Ash fall may have been 
more predominant within that vicinity thus yielding higher concentrations of copper. The 
source of higher concentrations of copper in the burned samples to unburned samples can 
be due to the addition of ash. Burton et al. (2016) mentions in their study that copper can 
be derived from the ash remains of biomass, since the highest concentrations of copper 
was in ash samples compared to burned soil.  Copper is also present within the parent 
material in our study and it is common in sandstone. Comparing our results to Campos et 
al. (2016), they found no differences between copper in burned and unburned soils. 
Based on the various studies reviewed and cross analyzed for copper it is of general 
understanding that copper as a fire signature is dependent on the type of biomass (oak 
trees) combusted during the fire event and the concentration present in the soil already 
from parent material.  
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ICP-MS results of barium between burned and unburned sites by horizon (Figure 
3.29) show that burned samples in some cases are two times the concentration of 
unburned samples. All of the unburned samples and control rock are below 500 ppm, 
whereas the majority of burned samples are above 500 ppm. The control ash yielded the 
highest barium concentration, 2697 ppm. A literature review of barium and its presence 
in soil due to forest fire yielded no results, only being documented from the Cerro Grande 
Fire (Gallaher et al.,  2002). According to Gallaher et al. (2002) barium was present in 
high concentrations in post-fire runoff. Comparing barium present within the parent 
material (control rock), 320.954 ppm, to the control sites (unburned) and burned sites, we 
can conclude that the higher concentrations in burned sites are from the combusted 
biomass. Spatially barium has higher concentrations within the burn extent compared to 
the surrounding unburned area, with slightly lower concentrations over time at sites 
within the fire extent (Figure 3.30).  
Geochemistry within Horizons 
Most of the manganese concentrations reside in the O, OA, and A horizons except 
for the highest amount of manganese in the B horizon at site 7A in time series 1. This is 
consistent with other findings by Burton et al. (2016) and Campos et al. (2016), which 
also reported on having higher concentrations of manganese in soil samples post-wildfire 
conditions. 
Overall, the concentration of copper varies between horizons in the burned 
samples most residing in the OA and A horizons. It can be weathered into the B horizon 
from the parent material or derived from organic matter that is leeching from the O 
horizon, which can easily  adhere to clay minerals (Hough, 2010).  Initial particle size 
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data plotted on soil texture diagrams (Figure 4.2) shows that much of the soil horizons are 
silt loams. One OA horizon plotted as silty clay. It is most likely that copper is adhering 
to the clay portion of the clay particles in the soil. While the initial sampling plan was to 
only sample the upper soil horizons (O and A) analytical results showed that higher 
concentrations where being seen in the B horizons.  
The high amount of barium concentrations in this study is consistent with results 
by Etiégni & Campbell (1991) with having high concentrations of barium in wood ash 
except for Site 7b, which has the highest concentration. Based on the concentration of 
barium in the control ash and results by Etiégni & Campbell (1991) it can be concluded 
that barium is a fire signature from the combusted biomass that is being absorbed into the 
OA and A horizons. While the initial sampling plan was to only sample the upper soil 
horizons (O and A) analytical results showed that higher concentrations where being seen 
in the B horizons. This was unexpected in such a short period of time. One possibility is 
the translocation of elements from increased weathering post-fire. Callanan et al. (2013) 
found during a study that post-fire chlorite was weathered past the typical 10 cm beneath 
the surface. Site 7b, horizon B1 is at a depth of 15 cm. It is possible that the high intensity 
nature of this fire event caused for increased weathering of certain elements, which were 
then translocated to the B horizon in a shorter period of time.  
 Future work needs to be conducted on the type of barium that resides within the 
study area and whether or not it is easily soluble. The solubility of Ba, Cu, Mn, and Ca 
can have a large influence on why concentrations of these elements are being seen within 
the various horizons. Solubility rates should be looked at in future research of this area to 
have a better understanding if this is having an effect on the concentrations down horizon 
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and possibly residence time. Especially for REEs, which we observe as being depleted 
within all the soil samples. This appears to be the case that they are easily soluble within 
the soil. It would be interesting to see during a prescribed fire if these signatures remain 
between post-fire and the first rainfall event.  
As previously discussed, cabins were also destroyed within the 16-Mile Fire and 
sampling took place where a cabin once stood at Site 7b. When comparing trace element 
concentrations between Site 7b and 7a, there is no increase in concentrations or distinct 
difference from the burned man-made materials to vegetation and soil. Therefore, the 
cabin did not contribute any additional trace elements to the soil or surrounding area. 
This could be due to the type of materials used for constructing the cabin. It is also 
possible that post-fire cleanup of the former cabin site included removing any material in 
the O horizon. Site 7b was only sampled during the 8-month field sampling after multiple 
weather events. 
Geochemistry Over Time 
The overall trend of calcium decreases from time series 1 to time series 2, except for 
site 4, which has an increase from a soil sampled in the OA horizon in time series 1 to an 
increase in O and A horizons in time series 2. While the results from this study show 
manganese to be about the same concentrations between the two time series, Costa et al. 
(2014) reported in their study that manganese decreases over time due to manganese’s 
solubility, allowing it to be transported away during erosion/runoff. This difference from 
our study to Costa et al. (2014), could be due to a number of factors, but is most likely 
due to the difference in biomass, soil types by region and the cation exchange of 
manganese adhering to soil particles and duration of the study. It would be interesting to 
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see what changes occur after three years of sampling the area. It is possible that we would 
see the same results as in Costa’s et al. (2014). Another differentiating factor of Costa's et 
al. ( 2014) study area is that the soil parent material consisted of metamorphic and 
igneous rocks (schist and granite) and vegetation that is more abundant in shrubs, that 
contributed to a different elemental concentration to soil formation. The 16 Mile Fire and 
surrounding area consists of sandstone parent material and woods containing various 
species of oak trees. Other major elements analyzed did not reveal any indication of fire 
signature or have a distinct difference between soil horizons or time interval.  
While results on the major and trace elements show the presence of fire signatures, 
our results vary from the studies of Burton et al., (2016) and Campos et al. (2016), where 
other trace elements of vanadium, cobalt, nickel, cadmium, and lead were present. It is 
most likely due to the variation in vegetation, soil chemistry and fire ecology that is 
yielding varying findings.  
4.2 Sub-Basin RUSLE Model  
Geographic information system analysis was done to determine the sub-basins of the 
Middle Delaware-Mongaup Brodhead Watershed that were affected by the fire. Surface 
hydrological analysis indicates that two sub-basins were disturbed by the 16-Mile fire 
event (Figure 4.3). The largest sub-water basin is 191.5 km2 (labeled as watershed 1) and 
the smaller sub-water basin is 19.6 km2 (labeled as watershed 2), totaling 211.1 km2. As 
discussed earlier, the Big Bushkill Creek has a confluence in the center of the fire extent. 
With the 16-Mile Fire extent in a hydrologically active region, further investigation was 
conducted to determine if increased runoff would have the fire signatures of barium and 
copper mobilized. This is due to evidence of high intensity burning, such as white ash 
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and burned O horizon in various sampling sites. Another study conducted by Callanan et 
al. (2017a) coincides with this project in that it looks at the water chemistry to determine 
if ash and soil that was mobilized from the fire event affected water quality within the 
Bushkill Creek. According to Debano (2000b), during wildfires, high temperatures can 
penetrate down the soil horizon which cause clay layers collapse and develop a 
hydrophobic layer increasing water repellency thus leading to increased soil erosion from 
runoff.   
A slope raster of the study area (Figure 4.4) shows that the 16-Mile fire extent has 
shallow slopes with 84 % having <9 degree slopes and 15 % with >9 degree slopes. All 
of the sites sampled lie in areas with slopes < 3 degrees. This indicates a low probability 
for runoff in our sampled sites, though that probability may be higher with steeper slopes. 
However, the landscape topography seems to play a role in barium as a fire signature. 
Comparing burned sites (1, 7A and 7B) that are lower in elevation and close to the creek 
(group 1) with burned sites (3, 4, and 10) at higher elevation (group 2), there is a 
statistically significant difference in the amount of barium, with lesser amounts of barium 
at the higher elevations, based on ANOVA analysis (p<0.0005) (Figure 4.5). This 
difference is similar to that comparing burned to unburned samples at the same 
topographic expression, lower elevation and close to the creek (sites 1, 7a, and 7b burned, 
group 1, and sites 5, 11, and 12, unburned, group 3), also statistically significant 
(p<0.0003), with less barium at the unburned sites (Figure 4.6). This difference in barium 
concentration in burned sites near Bushkill Creek could be due to different vegetation 
that develops in proximity to the stream, which may have higher concentrations 
compared to vegetation that burned elsewhere. To confirm this, vegetation outside of the 
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burn zone near the creek should be investigated for elemental analysis for barium 
concentrations. Other elements were evaluated to see if topography played a similar role 
with increased concentrations near lower elevation. No other elements show similar trend 
like Barium. 
 The RUSLE evaluates other factors that play a role in soil erosion. The RUSLE 
model (Figure 4.7) shows that the majority of the study area is in a 0 to 0.009 tons/ha/yr. 
range of soil loss. Only regions that are adjacent to streams or on steeper slopes have a 
higher potential for increased soil erosion. This indicates that the elemental fire 
signatures are less likely to be mobilized throughout the sub-basin from soil erosion and 
runoff. Additionally, it coincides with the chemical analysis results of fire signatures 
increasing over time and moving down the soil horizon. Areas that have steeper slopes 
(but not sampled during this study) could see soil loss ranging from 0.02 to 2.3 
tons/ha/yr. These areas have the potential to disperse fire signatures and other 
concentrations of trace elements to other areas that might have lower concentrations. 
Another factor that can influence the amount of erosion in this area is the precipitation 
and infiltration capacity of soil or soil moisture. If soil near the Bushkill Creek is 
consistently moist there, a higher chance for soil erosion is possible. Since it will take 
time for vegetation to provide stability to the soil, areas with rills created by surface 
runoff will increase erosion. This is based on what Miller et al. (2011) found, where 
erosion rates increase due to the amount of precipitation causing wetter soil and 
increasing the amount of erosion instead of surface conditions playing a major role in 
erosion. Furthermore, soil sampling within these areas is needed to determine if this is in 
fact valid for the 16-Mile Fire study area. While this gives an estimate of potential soil 
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loss within the fire extent, further analysis is needed along with updated coverage factor 
values for the study area to account for vegetation that is no longer present.  
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Figure 0.1 Fire progression map of the 16-Mile Fire (Hazen, 2016). 
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Figure 0.2 Soil texture triangles of Sites 3, 7a, 7b, and 10. Most all horizons plot as silt 
loam, except for the O and A horizon at Site 7a, silty clay loam and the OA horizon at 
Site 7b, silty clay.  
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Figure 0.3 Map showing the extents of the sub watersheds that are affected by the 16-
Mile fire. 
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Figure 0.4 Map showing the various slopes within the fire extent.  
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Figure 0.5 Box chart graph of ANOVA analysis showing the difference of burned sites at 
low elevation near the creek (1) to burned sites at high elevation (2) p<0.0005. 
 
Figure 0.6 Box chart graph of ANOVA analysis showing the difference of burned sites at 
low elevation near the creek (1) to unburned sites at low elevation near the creek (2) 
p<0.0003. 
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Figure 0.7 Map showing the results (in tons/ha/year) of the RUSLE model indicating the 
amount of erosion within the fire extent. 
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4 CONCLUSION 
Soil and ash samples were collected within the 16-Mile fire extent of the Delaware 
State Forest, PA and surrounding area to investigate the presence of fire signatures of 
major and trace elements within the samples and how these signatures are distributed 
spatially. Burned soil and ash samples show distinct fire signatures in trace elements 
copper and barium and higher concentrations of calcium and manganese of burned to 
unburned samples. Comparing the 2-month sampling to the 8-10-month sampling 
indicates that the concentrations of copper and barium are remaining within the soil 
horizon, where in some sites concentrations are moving vertically down through the soil 
horizons.  
Using geographic information system analysis of surface hydrology, a DEM was able 
to determine the sub-basins that are directly affected by the 16-Mile fire. A slope raster 
along with revised universal soil loss equation model of the sub-basin indicates that the 
majority of the 16-Mile fire extent has a shallow slope with low soil erodibility. This 
conclusion can be made on the summations of the land cover, soil structure, topography, 
and climatic variability, indicating that soil erosion will be low over time and the 
mobility of the found fire signatures will reside in the vertical horizon.  
Further research needs to be done to investigate how long the fire signatures will 
reside in the soil horizons. As ecological succession returns to this area sampling needs to 
be monitored to see if vegetation will sequester copper and barium. Sampling should be 
continued at the same sites making sure the same soil horizons are collected each time 
interval to better monitor changes in geochemistry. Sampling of the B horizon at sites 
already sampled should continue to identify if further translocation or illuviation of other 
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elements occurs over time. While some B horizons at site already showed higher 
concentrations of Ba or Mn, other elements might take a longer time and are not easily 
mobilized.  
Additional sampling should be done in the southeast region just adjacent to the fire 
extent to see if soil in that area has increased fire signatures due to atmospheric 
conditions during the fire allowing ash to accumulate. Decomposed surface vegetation 
should be collected to see if this can add higher concentrations of trace elements to the O 
and A horizons. It is possible that as vegetation decomposes, the organic matter will be 
the first to be absorbed by soil and plants, leaving behind trace elements. This would not 
contribute the amount of trace elements from wildfires, but this area did have a high 
abundance of diseased vegetation leading to possible higher amounts of surface mulch.   
To better understand how this fire affects water resources, sediment samples at the 
bottom of the Big Bushkill Creek should be sampled. The data reported here is 
preliminary and is the first results following the 16-Mile fire, as more samples are 
collected and analyzed they could portray a better idea of where fire signatures reside and 
its impact on the local environment. This fire regime that occurred within the Delaware 
State Forest is not typical of wildfires that occur in Eastern United States. As climate 
changes within this region, the reoccurrence of similar conditions (drought, diseased 
vegetation, mild winter) will continue to grow with the possibility of more intense 
wildfires.  Increases in high-intensity wildfires will have adverse effects on natural 
resources for sustaining the natural environment and the future generations that rely on 
them.   
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